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 El Tatio geyser field, northern Chile, impacts regional water quality, policy, and 
agricultural commerce due to the geothermal waters containing high concentrations of naturally-
occurring arsenic (As).  In the circumneutral pH, non-sulfidic thermal waters at El Tatio, 
dissolved arsenite [As(III)] dominates geyser discharge water upstream, but dissolved arsenate 
[As(V)] dominates downstream. Microbial mats and sediments were analyzed for changes in As 
speciation using X-ray spectroscopy methods, such as XANES and EXAFS at both the As and 
Fe K-edges, combined with ATR-FTIR spectroscopy and molecular genetics, to understand As 
cycling. The sediments and microbial mats were dominated by As(V) speciated as both inorganic 
and organic forms of arsenic, whereby inorganic As(V) is sorbed as an inner-sphere complex to 
ferric oxyhydroxides and/or organic matter, and organoarsenical compounds. Differences in As 
speciation and presence of organic matter in the mats are attributed to microbial activity. 
Therefore, the 16S rRNA gene framework was used to evaluate microbial diversity within the 
mats. Near the geyser pool (at ~76-80oC), microbial groups in biofilms and sediments were 
distinct from thick microbial mats downstream. Upstream taxonomic groups belonged to the 
Proteobacteria division, Deinococci, Aquificales, with rarer Chloroflexi and other groups. 
Downstream communities also consisted of members of the Proteobacteria division, but were 
dominated by Chloroflexi. Sequences of arsenite oxidase (aroA)-like genes retrieved from 
microbial mats downstream belonged predominantly to a unique clade within the Chloroflexi, as 
well as several groups of Proteobacteria previously known to oxidize As(III). Chloroflexi, 
however, have not been previously linked to As(III) oxidation in geothermal habitats and could 
contribute to the As(V) flux downstream. The microbial diversity associated with changes in As 
speciation expand our current understanding of the distribution of aroA-like genes from 







 Arsenic is a toxic metalloid of great concern due to its propensity to contaminate surface 
and ground water globally. The best known cases of arsenic contamination are from aquifers in 
West Bengal and Bangladesh, where arsenic is being leached from arsenopyrite-containing 
sediments washed down from the Himalayas through the Ganges-Meghna-Brahmaputra River 
system (McArthur et al., 2001) and from microbially-mediated reduction of arsenic-bearing iron 
oxyhydroxides adsorbed onto sedimentary mineral surfaces (Nickson et al., 2000). Nearly five 
million wells were drilled in the region to lower the mortality rate of people drinking disease-
infested surface water, but the aquifer water was not tested for arsenic. Now, many have died 
from arsenicosis and bladder, lung, and kidney cancer due to water consisting of > 50 µg/l 
dissolved arsenic (World Health Organization concentration limits are 10-50 µg/l and human 
health is affected at 10 µg/l) (Bhattacharya et al., 2002).  
 The arsenate oxyanions are H2AsO4
- and HAsO4
2- (equations 1 and 2, respectively), and 
arsenite (equation 3) is H3AsO3 (equation 3): 
 
H3AsO4  H2AsO4








- + H+ (pK1 = 9.2)    Eq. 3 
 
(Cullen and Reimer, 1989; Wilkie and Hering, 1996). As an environmental contaminant, arsenite 




2008). Arsenic mobility and adsorption are greatly influenced by pH (Raven et al., 1998), and 
microbes can also influence arsenic mobility through protonation, chelation, and chemical 
transformation (Gadd, 2004). Mobilization can be balanced by precipitation and crystallization 
of insoluble mineral species, such as scorodite and arsenopyrite, as well as adsorption of arsenic 
onto ferric oxyhydroxides (Gadd, 2004). Arsenite and arsenate can sorb to iron mineral surfaces 
at pH ~6 and desorb at pH ~9.5 (Raven et al., 1998; Swedlund and Webster, 1999).  
 Geothermal energy development worldwide has sparked recent interest in the mobility 
and behavior of arsenic in geothermal systems (Tyrovola et al., 2006), but most research has 
been done on sulfidic, low pH geothermal fluids and groundwater like at Yellowstone National 
Park in Wyoming, USA (Walker et al., 2005). In such geothermal settings, microbial sulfide and 
arsenite oxidation have been characterized (Fisher et al., 2008) and precipitation of arsenic-
bearing sulfide phases has also been studied (O’Day et al., 2004). Conversely, from high pH 
systems, like Mono Lake in California, USA, microbial activities associated with arsenic cycling 
have also been linked to photosynthesis (Oremland et al., 2004).  
 There is limited research from neutral pH, low-sulfur geothermal systems, mainly 
because few of those kinds of systems exist around the world (Webster and Nordstrom, 2003). El 
Tatio Geyser Field (ETGF), located in northern Chile, contains neutral pH waters with very low 
dissolved sulfate, no dissolved sulfide, and abundant microbial life (Phoenix et al., 2006; 
Landrum et al., 2009). ETGF is at high altitude (~4300 m) where UV radiation must also be 
considered when investigating arsenic cycling, and specifically oxidation (Emett and Khoe, 
2001). Therefore, previous research of arsenic in the presence of sulfur-containing compounds 






Objectives and Hypotheses 
 Microbial life and metabolic activities at ETGF have only recently been considered 
(Phoenix et al. 2006; Engel et al., 2008; Birdwell and Engel, 2009; Landrum et al., 2009; 
Johnson et al., 2009). However, the aqueous geochemistry and petrology of the area has been 
studied in depth since the 1970s. Cusicanqui et al. (1975) and Lahsen and Trujillo (1976) 
describe the structure and petrology of the ETGF area, including regional aquifers and 
subsurface geology. Glennon and Pfaff (2003) describe the mapped ETGF hot springs, thermal 
pools, mud pots, and geysers. Landrum et al. (2009) conducted experiments on sediment 
inorganic geochemistry of ETGF geysers and characterized the differences in arsenic speciation 
and partitioning in the geothermal fluids from different hot spring basins. The springs have Na–
Ca–Cl type waters with pH between 6.8 and 7.2, and most are at or near local boiling (86 oC at 
460 mm Hg atmospheric pressure). Arsenic acts conservatively in the waters, and arsenic 
concentrations increase downstream from geyser pools as a result of evaporation (Landrum et al., 
2009). The microbial mat samples examined by Landrum et al. (2009) consist mainly of 
amorphous silica and ferric and arsenic oxides, with very little (2-3%) total organic carbon. 
Concentrations of arsenic in the microbial mats range between ~200 and 500 mg/kg (Landrum et 
al., 2009). The amorphous silica coats all of the organic matter and mineral material in the 
microbial mats and sediments (Phoenix et al., 2006).  
 My research builds on this previous work by asking: what are the environmental 
influences on arsenic speciation and mobility in the microbial mats and sediments? The two 
main objectives were to: 
1) Determine the speciation of arsenic in ETGF microbial mats and sediments along geyser 




2) Characterize the microbial diversity of the mats and sediments along the geyser discharge 
stream channels to understand possible microbial metabolic pathways that influence 
arsenic speciation. 
Two representative stream channel transects at ETGF were chosen, one in the Lower Basin and 
the other in the Middle Geyser Basin. The three hypotheses were: i) microbial activity associated 
with arsenic oxidation correlates to arsenic speciation changes in the stream channels; ii) the 
prevalence of As(V) downstream is due to enhanced adsorption of As(III) onto the microbial 
mats and sediments, and specifically iron oxyhydroxides, organic matter, and/or silica; and iii) 
UV radiation and the type and concentration of organic matter affect As(III) oxidation rates. 
Microbial diversity was examined from 16S rRNA and aroA (arsenite oxidase) gene sequences. 
Arsenic and iron speciation was examined using ATR-FTIR and X-ray absorption spectroscopy. 
Arsenic behavior and possible UV-induced organoarsenical photo-oxidation and complexation 
were examined from experiments exposing fulvic acids and protein-like organic matter in the 
presence of arsenic to UV. 
Scientific Importance 
This research has the potential to be significant for several reasons. First, ETGF provides 
a natural setting to study the inherent microbial communities and the behavior of dissolved 
arsenic in a low-sulfur, neutral pH environment. There has not been much research on microbial 
arsenic cycling at temperatures above 50 oC (Langner et al., 2001; Webster and Nordstrom, 
2003). Microbial life in the geyser discharge stream and river channels may influence the 
behavior of arsenic by oxidizing or reducing the metalloid and possibly producing 
organoarsenical compounds during detoxification. Second, ETGF is one of the headwater 
regions of the Rio Loa, northern Chile’s largest and most widely used drinking and agricultural 




because tributaries originating at El Tatio empty into the river, but also because one of the 
world’s largest copper mines, Chuquicamata, is near the Rio Loa. Third, although it is well-
known that geothermal fluids can be laden with toxic metalloids that could clog geothermal 
production plant piping (Reyes et al., 2002), little is known about metalloid behavior during 
geothermal energy development and production. ETGF has been developed for geothermal 
resource exploitation (Cusicanqui et al., 1975; Landrum et al., 2009). Because microbes use 
metals for energy, studying the microbial diversity and metabolism of ETGF, as well as the 
influences of photochemistry on metabolism and metal speciation, can provide a better 
understanding of alternative energy development and metals management (Reyes et al., 2002). 
Metal chemistry in geothermal environments will become increasingly important as energy 
development continues, and results from this study could inform engineering applications during 
future geothermal development (Peralta et al., 1996), especially at ETGF. In summary, this 
research provides a unique opportunity to characterize the biogeochemical environment 
associated with active arsenic cycling by microbes in a circumneutral pH, non-sulfidic 
geothermal environment that is distinct from previously studied geothermal locations (Oremland 










El Tatio Geyser Field 
 El Tatio Geyser Field (22.3314˚S, 68.0131˚W) is located in the Altiplano-Puna Volcanic 
Complex, Region II of northern Chile in the Andean Cordillera (Figure 1) (Glennon and Pfaff, 
2003). ETGF is 100 km east of Calama, within the Atacama Desert, and 80 km north of the 
village of San Pedro de Atacama (Fernandez-Turiel et al., 2005). ETGF is in the down-dropped 
Tatio graben that extends N-S for ~20 km, and is bordered to the west by the Serrania Tucle-
Loma Lucero fault and to the east by the Volcanic Andean Cordillera with elevations >5,500 m 
above sea level (Lahsen and Trujillo, 1976). The stratigraphy of the ETGF region is composed of 
interbedded volcanic and alluvial sediments related to tectonic upheaval and weathering of the 
Andes Mountains (Romero et al., 2003; Cortecci et al., 2005; Houston, 2007). Volcanic rocks are 
characterized as andesitic, dacitic, and rhyolitic ignimbrites and tuff deposits, and alluvial 
deposits are comprised of sand, gravel, and some limestone (Houston, 2007).  
ETGF is at an elevation of ~4300 m and is one of the largest geothermal fields in the 
southern hemisphere (Glennon and Pfaff, 2003; Fernandez-Turiel et al., 2005). ETGF covers an 
area of 30 km2, and the major hydrothermal terranes cover 10 km2 (Cortecci et al., 2005) with 
>100 active hydrothermal features. The field is divided into the Upper, Middle, and Lower 
Basins, each of which is composed mostly of siliceous sinter, hydrothermal deposits, mud pots, 
and microbial mats associated with geyser features (Figure 1) (Glennon and Pfaff, 2003; Cortecci 
et al., 2005; Landrum et al., 2009). Geochemical studies have been conducted from the 
hydrothermal features for more than 30 years (Lahsen and Trujillo, 1976; Giggenbach, 1978; 
Landrum et al., 2009).  
According to Cortecci et al. (2005) and Landrum et al. (2009), some of the fluids at 





Figure 1. El Tatio Geyser Field showing Lower Basin and Tower Geyser sampling areas 
(modified from Glennon and Pfaff, 2003). 
 
The chloride-rich waters are produced by magma degassing and water-rock interactions with 
dacitic and andesitic ignimbrites. These waters are also enriched in arsenic, boron, cesium, and 
lithium. The sulfate-rich waters, in the Upper Basin and Middle Basin geysers (Landrum et al., 
2009), are influenced by shallow meteoric waters heated by magmatic gases, and tend to be 
enriched in boron only (Cortecci et al., 2005). Landrum et al. (2009) found that the geothermal 
waters discharged at the geysers solely as As(III), whereas As(V) dominated the waters 
Lower Basin 
Tower Geyser 





downstream; depending on the hydrothermal feature, this distance could be several meters if 
stream flow was slow or ~30 meters if flow was fast (Figure 2). 
 ETGF is at the headwaters of the Rio Salado, which empties into the Rio Loa, the major 
source of drinking and agricultural water for the Antofagasta region (Romero et al., 2003). The 
regional geochemistry of the Rios Tatio, Salado, and Loa has been described (Aravena et al., 
1999; Romero et al., 2003). The Puripicar Aquifer is sourced from geothermally heated meteoric 
water that recharges in the El Tatio Basin and the permeable ignimbrite of the Salado Member 
(Cusicanqui et al., 1975; Cortecci et al., 2005). Drilling of the geothermal fluids at ETGF has 
affected geyser water levels (Cusicanqui et al., 1975; Jones and Renaut, 1997), and this could 
also affect the speciation of As in the fluids over time.  
 
 
Figure 2. Diurnal differences in aqueous arsenic speciation along the Tower Geyser transect 






Geochemistry and Geomicrobiology of Arsenic 
 The speciation and mobility of arsenic in natural waters is dependent on pH, redox 
potential, photochemistry, and the presence of metal oxides, including manganese, iron, and 
aluminum, as well as the type and abundance of organic matter and microbes (Smedley and 
Kinniburgh, 2002). In soils, arsenic mobility has been linked to free ferric iron, iron oxides, and 
changes in pH (Jain et al., 2000). Iron oxyhydroxide minerals, such as ferrihydrite (FeOOH) and 
goethite (FeOOH-α), have a point of zero charge of pH 5.3-7.5, which is the optimal surface 
charge for binding arsenic and makes them the most suitable reagents for arsenic removal from a 
natural or engineered system (Williams et al., 2003). But, elevated phosphate and silicic acid 
(H4SiO4) concentrations can inhibit arsenic adsorption onto iron minerals (Swedlund and 
Webster, 1999) because both compounds exhibit similar chemical characteristics as arsenic and 
compete for the same binding sites on oxidized surfaces (Williams et al., 2003). In water with pH 
values near 3.0, As(V) is more likely to sorb to Fe(III) because As(III) sorption onto Fe(III) is 
unstable (Manning et al., 1998; Pierce and Moore, 1982). This is particularly important for 
ETGF geyser discharge channel systems and downstream water users because the waters are 
circumneutral pH and have elevated As(V) concentrations downstream (Landrum et al., 2009).  
 Photochemical reactions may be affecting As speciation at ETGF (Figure 2). Jiang (2001) 
found that UV radiation can cause the oxidation of As(III) in oxic environments in 30-60 
seconds, depending on the conditions of the environment. El Tatio has UV-A and UV-B fluxes 
35% higher than humid, sea-level environments, due to its high altitude (4300 m) (Piazena, 
1996; Phoenix et al., 2006). UV radiation damages DNA and living tissues because DNA can 
absorb UV light which breaks bonds (Sinha and Häder, 2002; Pierson et al., 1992). Inorganic 
salts like sodium nitrate (NaNO3) and sodium nitrite (NaNO2) and organic substances dissolved 




in the UV range (Pierson et al., 1992). Microbes can protect themselves from environmental 
dangers such as UV radiation, by sheathing themselves in silica and/or iron oxides produced 
through biomineralization (Inskeep et al., 2004). Moreover, biomineralization can also influence 
the sorption of metals, like arsenic and iron (Banfield et al., 2000; Gillan and De Ridder, 2001), 
which can be effective UV shields. According to Olsen and Pierson (1986), 1 mm of sediment 
containing 0.1% ferric iron would substantially absorb in the 265 nm range, and in a saturated 
system, Fe(III)-hydroxides will nucleate on microbial cell walls and can co-precipitate with 
As(V) (Inskeep et al., 2004). 
 Microbial cycling of arsenic can have significant effects on the speciation and mobility of 
arsenic in natural systems. Microbial As(III) oxidation has been known for many years (Ehrlich, 
2002), whereby microbes oxidize As(III) (equation 4) using electron acceptors like oxygen or  
 
2H3AsO3  +  O2    HAsO4
2–  +  H2AsO4
–  +  3H+  (∆G0’ = – 256 kJ/mol)  Eq. 4   
 
nitrate. This process is faster kinetically than abiotic oxidation processes, except perhaps 
photolysis (Santini et al., 2000; Langner et al., 2001; Denbow, 2008). Although the physiologies 
differ slightly, all major microbial phyla contain some isolated heterotrophic arsenite oxidizers 
and chemolithoautotrophic arsenite oxidizers, and more than 30 microbial strains representing 
nine genera within the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, 
Thermus, and Crenarchaeota have been isolated (Oremland and Stolz, 2003; Hamamura et al., 
2009).  
Heterotrophic oxidation, as mainly a detoxification reaction, involves converting As(III) 
into As(V) on the cell surface, which keeps the As(III) from entering the cell (Oremland and 




thereby interfering with biological protein functions (Oremland and Stolz, 2003). 
Metallothioneins are a type of protein that algae secrete to bind arsenic to the cell as a defense 
mechanism against the toxicity of arsenic (Jahan et al., 2006). Some microbes also have arsenic 
transport proteins (ArsB for arsenite; ArsC for arsenate) that can shuttle arsenic in and out of the 
cell (Gihring et al., 2003). ArsC is a microbial protein that mediates the reduction of As(V) to 
As(III) by binding the arsenate, and the ArsB operon controls the expulsion of arsenic from the 
cell (Stolz et al., 2002). Another detoxification process involves methylating and/or converting 
arsenic into an organic compound (organoarsenical), and then releasing the by-products into the 
environment (Lloyd and Oremland, 2006; Fisher et al., 2008). As(V) reduction has been well 
studied, and is coupled with organic matter oxidation (Lloyd and Oremland, 2006). Arsenate can 
be toxic because it can replace phosphate during ATP synthesis (Gihring et al., 2003).  
 Therefore, the nature and behavior of arsenic in solution can also be influenced by the 
presence of organic matter (Kalbitz and Wennrich, 1998). Dissolved organic matter (DOM) 
enhances the mobility of arsenic by creating DOM-arsenic complexes consisting of arsenic and 
positively-charged amino groups in the DOM or by metal-cation bridges (Redman et al., 2002; 
Bauer and Blodau, 2006). DOM can also act as an electron shuttle and catalyze metal oxidation 
or reduction by quinone-mediated formation of free-radicals (Redman et al., 2002). Microbial 
degradation of a DOM-metal complex would cause reductive dissolution and subsequent release 
of the metalloid (Bauer and Blodau, 2006). However, the composition of the DOM can also 
influence organoarsenical interactions, as fulvic and humic acids have been shown to block 
arsenic from sorbing to mineral surfaces because a stable organo-metalloid complex forms, but 
elevated levels of quartz, alumina, iron oxides, and kaolinite also changed the sorption of arsenic 
to the surfaces (Kaiser et al., 1997; Grafe et al., 2001). Interactions between arsenic and protein-




MATERIALS AND METHODS 
Sample Acquisition 
 Microbial mat, geyser sediment, and water samples were collected in January of 2008 
from ETGF Lower Basin and Tower Geyser (Figure 1). Lower Basin and Tower Geyser are 
several kilometers apart. Samples were kept at 4˚C until analysis. Tables 1 and 2 provide sample 
details and a summary of the analyses performed on each sample.  
Attenuated Total Reflectance- Fourier Transform Infrared (ATR-FTIR) 
 ATR-FTIR data were gathered for approximately 1 g of hydrated microbial mat and 
sediment samples to understand how arsenic is bound to other constituents. The standard 
deuterated triglycine sulfate (DTGS) detector was used with a mid-infrared range attenuated total 
reflectance (MIRacle ATR) accessory (Pike Technologies, Madison, Wisconsin) and a Bruker 
Tensor 27 FT-IR machine in the Department of Chemistry at Louisiana State University. A 
sample was placed on a ZnSe crystal and absorbance was measured by running IR radiation 
through the sample with 16 scans at a resolution of 4 cm-1. Infrared intensity was set at 4800-
5000 counts and data scans were taken from 600-4000 cm-1. Data were manipulated with the 
associated OPUS software. Scans were auto-corrected for ‘baseline’ to normalize the data to the 
x-axis, ‘scale’ to normalize the data to the y-axis, and for ‘atmospheric moisture’ to rid the data 
of unnecessary water peaks (G. Stanley, pers. comm.).  
X-ray Absorption Spectroscopy 
 X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine 
Structure (EXAFS) spectroscopy were used to determine arsenic and iron valence state, as well 
as coordination geometry and molecular structure of nearest neighbors (Kelly et al., 2008), in 
microbial mats and sediments from the Lower Basin and Tower Geyser. XANES and EXAFS 


















Tat-08-001 1 Pool 
sediment 
 X X X  
Tat-08-002 3.5 Sediment X X X   
Tat-08-003 11 Orange 
surface 
biofilm 
X X X X  
 














Tat-08-005 1 Pool sand X X X X  
Tat-08-006 7 Microbial mat 
bottom 
   X  
Tat-08-007 18 Microbial mat 
and sediment 
X X X   
Tat-08-008 30 Red channel 
microbial mat 
X X X X  
Tat-08-009 ~60 Cyanobacteria 
& Chloroflexi 
filaments 
X X X X X 
Tat-08-009 
(dry) 
~60 Dried surface 
microbial mat 
material 




-- Yellow gooey 
sediments 
   X  
 
and Devices (CAMD). The Double Crystal Monochromator (DCM) beamline was used to 




cut Ge (220) crystal monochromator. The beam was calibrated with 5 µm gold foil for XANES 
and iron foil for EXAFS at the L3-edge. The beam dimension was maintained at a height of 1 
mm and a length of 1 cm. Reference standards (Table 3) were measured in transmission mode 
using region step sizes of 3.0, 0.7, 1.0 eV, with a 1 second integration time.  
For ETGF microbial mats and sediments, the monochromator moved at 0.7 eV in the 
XANES and EXAFS regions over a 3 second integration time. All samples were measured in 
fluorescence mode with a 13-element detector (Canberra Industries, Meridian, Connecticut, 
USA). Multiple scans (2-5 scans each) were run at room temperature and were averaged using 
ATHENA software (Ravel and Newville, 2005). Data manipulation included CLnorm 
 
Table 3. Reference standards used for all X-ray absorption spectroscopy analyses. 




As(III) Oxide As2O3 As
3+ As-O bond and coordination 
As(V) Oxide As2O5 As
5+ As-O bond and coordination 
Arsenopyrite FeAsS As1-/ Fe3+ As-S bond 
Scorodite FeAsO4•2H2O As
5+/ Fe3+ 











5+ As-methyl group-OH bonding 
and coordination 
Iron Fe2 Fe
2+ Fe-Fe bond and coordination 
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normalization for XANES and Autobk normalization for EXAFS, deglitching, linear 
combination fitting, merging several scans of one sample, and plotting in the K space (edge 
energy) for XANES and the R-space (distance from the atom) for EXAFS (A. Roy, pers. 
comm.).  
 Fitting for EXAFS was conducted in ARTEMIS (Ravel and Newfield, 2001) using CIF 
files for FeOOH, goethite, and scorodite (Table 3). The fits were done with the first two or three 
(oxygen) scattering paths in the CIF file standards. E0 and delr parameters were set to ‘Guess’ 
and varied. Amp was set at 1 and ss (Debye-Waller factor) was set between 0.001 and 0.007, 
depending on samples being fitted. N was set at 1 with SO2 set at n_first * amp and n_first was 
set at 2. R-factor was kept below 1 and the ratio of independent points to number of variables 
was kept high (at least 2:1).  
DOM and Arsenic UV Exposure Experiments 
To test what effects UV radiation had on DOM composition and arsenic speciation, 
experiments using arsenious acid (H3As
IIIO4) and two different DOM compounds analogous to 
the DOM encountered from the ETGF waters were conducted. Engel et al. (2008) and Birdwell 
and Engel (2009) report that the DOM in the geothermal fluids was predominately protein-like, 
identified as the fluorescent amino acids, tryptophan and tyrosine, with less frequent microbial 
fulvic acids. In the laboratory, Pony Lake Fulvic Acid (PLFA) (an International Humic 
Substances Society reference standard) (Miller et al., 2009), representing microbial fulvic acid 
compounds, and tryptone (a protein-like compound) solutions were made to 10 mg-C/L 
concentrations in autoclaved deionized (DI) water. Arsenious acid was made at a concentration 
of 400 mg-As/L. All solutions were prepared in sterile amber TOC vials. For the experiments, 10 
ml of either PLFA or tryptone were mixed with 6.25 µl H3AsO4, placed in sterile UV-penetrable 




or kept in the dark. The pH of each solution was maintained to between 5 and 6. UV irradiation 
(~354 nm) was comparable to solar intensity at ~4400 m above sea level (UV-A ranges from 315 
nm to 400 nm). Excitation-emission matrix fluorescence spectra for each of the arsenic and 
organic matter interactions, in the dark and exposed to UV over different time intervals, were 
collected using a Varian Cary Eclipse fluorescence spectrophotometer (Varian, Inc., Palo Alto, 
California). Multiple (47) excitation scans were taken at 220 – 450 nm with 5 nm step size. 
Emission scans were from 250 – 550 nm with a 2.5 nm step size. A photomultiplier tube (PMT) 
at 600 V was used with 5 nm slits and an integration time of 0.1 seconds.  
Characterization of Microbial Communities 
DNA Extraction 
 Total environmental DNA was extracted from microbial mat and sediment samples 
(Tables 1 and 2) using the Qiagen DNeasy extraction kit, following manufacturer’s instructions 
(Qiagen Inc., Valencia, California). Each sample was aseptically homogenized with a tissue 
homogenizer in 180 µl of sterile tissue lysis buffer and 20 µl of proteinase K solution. The 
solution was agitated on a shaker table at 225 rpm at 55˚C overnight. Nucleic acids were 
precipitated in ethanol and eluted into TE buffer. Samples were stored at -20˚C until analysis. 
PCR Amplification, Cloning, and Gene Sequencing 
 Bacterial 16S rRNA gene sequences from the microbial mats, as well as stream channel 
and thermal pool sediments, were Polymerase Chain Reaction (PCR) amplified with the 16S 
rRNA primers 8F (5’-AGAGTTTG ATCCTGGCTCAG-3’) and 1510R (5’-
GGTTACCTTGTTACGACTT-3’) (Ausbel et al., 1990). PCR was performed on a MJ Research 
Dyad Disciple thermal cycler (Biorad, USA) with 5 U/µl Taq DNA polymerase (5Prime, Thermo 
Fisher Scientific), 10 mg/ml bovine serum albumin (BSA, Fisher Scientific), 10 mM dNTPs, 1 




an initial hot start at 94˚C for 4 min., denaturation at 94˚C for 1 min., primer annealing at 47˚C 
for 1 min., chain extension at 72˚C for 3 min.; these steps were repeated 29 times with a final 
extension step at 72˚C for 20 min.  
 Some samples (Table 2) were PCR amplified using arsenite oxidase gene primers aroA 
#1F (5’-GTSGGBTGYGGMTAYCABGYCTA-3’) and aroA #1R (5’-
TTGTASGCBGGNCGRTTRTGRAT-3’) to identify which microbial groups from the samples 
were affiliated with arsenic oxidation (Inskeep et al., 2007). PCR amplification included a hot 
start at 95˚C for 4 min., nine cycles of 95˚C for 45 seconds, 50˚C (decreased by 0.5˚C after each 
cycle) for 45 seconds, 46˚C for 45 seconds, 72˚C for 50 seconds, and a final extension step at 
72˚C for 5 min., based on Inskeep et al. (2007).  
 PCR products of the correct size (~1500 base pairs for 16S rRNA genes and ~ 600 base 
pairs for aroA genes) were run on a 0.7% TAE low-melt agarose gel and purified using the 
Wizard PCR prep DNA purification kit (Promega Corp., USA), following manufacturer’s 
instructions.  
 Purified PCR products were cloned using the TOPO Cloning Kit with the PCR2.1-
TOPO® vector, following manufacturer’s instructions (Invitrogen Corp., USA). Resulting clones 
were PCR amplified with the primers M13F (5’-GTAAAACGACGGCCAG-3’) and M13R (5’-
CAGGAAACAGCTATGAC-3’) (Invitrogen Corp., USA). Clones were checked for the correct 
size inserts on 1% TBE gels with ethidium bromide staining. M13 clone sequences that were the 
correct size were diluted for capillary sequencing. The aroA genes were sequenced from the 
M13F end, and the 16S rRNA genes were sequenced from the M13F and M13R ends, and in 
both directions with the internal primers 704F 5’-GTAGCGGTGAAATGCGTAGA-3’ and 907R 
5’-CCGTCAATTCCTTTRAGTTT-3’. Sequencing was done at the High-Throughput Genomics 





Full sequences were assembled using Contig Express, a component of Vector NTI 
Advance 10.3.0 (Invitrogen Corporation, Carlsbad, California). Sequenced clones were entered 
into the Basic Local Alignment Search Tool (BLAST) in GenBank 
(http://www.ncbi.nlm.nih.gov) using a nucleotide database search to determine sequence 
similarities to previously retrieved environmental sequences or cultured isolates.  
16S rRNA gene sequences were aligned using NAST (Nearest Alignment Space 
Termination) in greengenes (DeSantis et al., 2006). MEGA4.0 (Tamura et al., 2007) was used to 
construct a distance matrix. Operational Taxonomic Units (OTUs) were defined by DOTUR 
(Distance-based Operational Taxonomic Units and Richness Determination) (Schloss and 
Handelsman, 2005) based on nearest neighbor distance to 97% sequence identity.  
The aroA (arsenite oxidase)-like genes were translated to amino acid sequences using 
BioEdit 7.0.4.1 (Hall, 1999) and aligned with homologues obtained from GenBank using 
ClustalW (Thompson et al., 1994) in the Mobyle 0.96 (Néron et al., 2009). A phylogenetic tree 
was reconstructed using Phyml (Guindon and Gascuel, 2003) under the JTT+I+G amino acid 
substitution model determined from ProtTest (Abascal et al., 2005).  
The nucleotide sequences reported in this thesis have been deposited in the GenBank 
database under Accession Numbers GU437233 to GU437738 (cloned 16S rRNA genes) and 









 To address the goals of understanding the environmental controls on arsenic speciation, 
solid samples were analyzed using ATR-FTIR, XANES, and EXAFS. The 16S rRNA gene 
sequences from the two geyser stream transects (Lower Basin and Tower Geyser) provided an 
idea of microbial diversity that correlated to mat arsenic and iron speciation. To understand 
arsenic speciation downstream as a function of photochemistry, fluorescence spectroscopy 
experiments evaluated the possible effects of UV on microbial DOM and arsenic interactions. 
ATR-FTIR Analysis 
 ATR-FTIR arsenic peaks for the reference standards absorbed in the 600-1000 cm-1 range 
of a scan, although this range depends on the other compounds and elements bound to arsenic 
and how those bonds are arranged (Miller and Wilkins, 1952). The arsenopyrite scan provided a 
distinct comparison to the arsenic oxide compounds because it had a much higher IR absorbance 
region (300-500 cm-1) (Lutz et al., 1983). None of the scans of the ETGF samples correlated to 
arsenopyrite, but the ATR-FTIR analyses revealed that almost all of the ETGF microbial mat and 
sediment samples contained some arsenic. Other ATR-FTIR peaks could be attributed to water 
(>1200 cm-1) and absorbance of water or OH- (~1600 cm-1) (Figure 3). The scans were limited to 
1800 cm-1 because water absorbs IR above 2500 cm-1 (Scatena et al., 2001). Some of the water 
peaks could also be silica peaks, which is prevalent in the system (Phoenix et al., 2006). Both 
silica and opal-A absorb from 1000-1100 cm-1 (Matteson and Herron, 1993), which could also 
account for the other peaks in the arsenic range (Figures 4 and 5).  
XANES Analysis 
 A set of reference standards were used for X-ray absorption spectroscopy to evaluate 
arsenic and iron valence states, bonding, and coordination geometries in the ETGF samples 




methylated metabolite that arises under aerobic conditions (Terlecka, 2005), or roxarsone, a 
proxy for complex biological arsenicals like arsenobetaine. Arsenopyrite (FeAsS) was used to 
confirm that none of the samples contain sulfur. Scorodite (FeAsO4•2H2O) was used to 
determine the coordination and bonding of iron to arsenic and oxygen.  
Based on XANES of As, the Lower Basin sediment samples correlated most closely with 
the As(V) reference standard (Figure 6). However, the arsenic K-edge for some mat samples 
(Tat-08-002 and -003) shifted toward a lower energy (Takahashi et al., 2003), and closer to the 
K-edge for roxarsone (Figures 6, 7, and 8). Some Tower Geyser samples correlated to the As(V) 
oxide K-edge (-005) and roxarsone (-009), with broad absorption peaks in the As(III) region 
(Figure 8). None of the Lower Basin samples correlated well with scorodite; however, a few of 
the Tower Geyser samples (Tat-08-007, -009, and -009dry) had absorption K-edge peaks that 
were closer to scorodite (Figure 7). None of the samples from either the Lower Basin (Figure 7) 
or Tower Geyser (Figure 8) transects corresponded to As-S bonding of arsenopyrite. 
 The sample spectra were fitted in ATHENA (Ravel and Newville, 2005) with As(III) and 
As(V) oxides, roxarsone, arsenopyrite, DMA, and scorodite reference standards to reconstruct 
the spectra artificially. Most of the samples fit best to As(V) oxide, with the exception of Tat-08- 
003 (Figure 7), which fit best with scorodite (Table 4). Only one sample (Tat-08-002) fit 100% 
with As(V) oxide (Figure 7). None of the samples fit with the arsenopyrite or the As(III) oxide 
reference standards. However, all but one of the samples (Tat-08-003) fit to one of the 
organoarsenical reference standards. Tat-08-008 and Tat-08-001 fit to the highest percentages 
with roxarsone, and Tat-08-009 had the best fit to DMA. The best fits with scorodite were for the 
two samples farthest from each geyser pool (Tat-08-003 and -009).   
The speciation of iron in the samples from the Fe K-edge XANES spectra was 




11). However, fitting in ATHENA yielded predominately scorodite (Fe3+), but the Tower Geyser 
transect samples also had FeO (Fe2+) (Table 5). Only one of the samples (Tat-08-002) fit 100% 
with scorodite, and one sample fit with Fe3O4. The samples fit mainly with scorodite to show the 
Fe-As-O bonding and with Fe2+ in FeO to show the occurrence of Fe-O bonding. There was not 
much variation in iron speciation in Tower Geyser samples compared to the Lower Basin, which 
contained more Fe3+ than Fe2+.  
EXAFS Analysis 
 EXAFS at the Fe K-edge was used to understand the inter-atomic distances and 
coordination numbers of iron with bound oxygen or arsenic in the samples. Based on the 
reference standard spectra (Figure 12), the EXAFS spectra at the Fe K-edge collected for the 
ETGF microbial mat and sediment samples indicated that the first and second shells in the 
molecule are oxygen and there is a possible third shell of arsenic (Figures 13 and 14). Fe-Fe 
radial distances for FeOOH and goethite are 3.06 ± .02 Å and 3.04 ± 1.02 Å, respectively. As-Fe 
radial distances for scorodite are 3.35 ± .02 Å. For Fe EXAFS, the first and second peaks are 
likely oxygen shells with distances between 1.0-2.0 Å and 2.5-3.0 Å, respectively. The smaller, 
third peak visible in the ETGF samples (Figures 13 and 14) best correlated to arsenic, as it has a 
distance of just above 3 Å. These measurements were taken at the K-edge (inner-most electron 
orbital) of the iron atom, so the interaction among the oxygen, Fe3+ and possibly arsenic is as an 
inner-sphere complex and not likely a solid (i.e. mineral) precipitate.  
UV Fluorescence Analysis 
 When a geochemical constituent absorbs light and a reactive free radical forms, the 
constituent can photo-oxidize (Emett and Khoe, 2001). The effects of UV exposure on arsenic 






Table 4. Results from fitting the As K-edge XANES spectra to the sum of different reference 
spectra, as percent (%) contributions of arsenic species. 
Sample Number As(III) oxide As(V) oxide Arsenopyrite Scorodite Roxarsone DMA 
Tat-08-001 - 61.0 - - 39.0 - 
Tat-08-002 - 95.0 - - 5.0 - 
Tat-08-003 - 33.2 - 66.8 - - 
Tat-08-005 - 94.0 - - 6.0 - 
Tat-08-007 - 82.5 - - 17.5  
Tat-08-008 - 52.5 - - 47.5 - 
Tat-08-009 - 75.7 - 10.0 - 14.3 





Table 5. Results from fitting the Fe K-edge XANES spectra to the sum of different reference 
spectra, as percent (%) contributions of iron species. 
Sample Number FeO Fe2O3 Fe3O4 Scorodite 
Tat-08-001 - - 14.4 85.6 
Tat-08-002 - - - 100 
Tat-08-003 44.5 - - 55.5 
Tat-08-005 39.6 - - 60.4 
Tat-08-007 33.6 - - 66.4 
Tat-08-008 36.6 - - 63.4 
Tat-08-009 38.9 - - 61.1 







Figure 3. ATR-FTIR scans for the chemical standards. Scans were taken from 600- 1800 cm-1. 
The peaks between 600 and 1200 cm-1 are likely due to arsenic. Peaks beyond 1200 cm-1 are due 
to the presence of atmospheric water. For roxarsone, the abundance of peaks throughout the 









Figure 4. ATR-FTIR scans for Lower Basin mat and sediment samples. Absorption was 
measured from 600-1800 cm-1. The peaks between 600 and 1000 cm-1 suggest the presence of 










Figure 5. ATR-FTIR scans for Tower Geyser mat and sediment samples. Absorption was 
measured from 600-1800 cm-1. The peaks between 600 and 1000 cm-1 suggest the presence of 















Figure 6. XANES scans for the As reference standards (Table 3). The As K-edge is ~11867 eV, 








































Figure 8. XANES scans at the As K-edge for the Tower Geyser mat and sediment samples 

























Figure 9. XANES scans for the Fe reference standards (Table 3). The Fe K-edge is ~7112 eV, 










Figure 10. XANES scans at the Fe K-edge for the Lower Basin mat and sediment samples 



















Figure 11. XANES scans at the Fe K-edge for the Tower Geyser mat and sediment samples 






















Figure 12. EXAFS scans of the reference standards Fe3O4, Fe2O3, scorodite, and FeO plotted in 
the R-space. The iron edge is ~7120 eV, and reference standards range from 7123 eV (FeO) to 


























Figure 14. EXAFS scans at the Fe K-edge for the Tower Geyser mat and sediment samples 


















experiments used mixtures of H3AsO4, which was intended to mimic As(III) prevalent in the 
geyser discharge initially, and PLFA or tryptone, to represent interactions with microbial fulvic 
acids or proteins, respectively (Birdwell and Engel, 2009). Arsenious acid exposed to UV alone 
showed no significant changes over time (Figure 15). Similarly, the fluorescence spectra of the 
fulvic acids, PLFA with and without H3AsO4, were generally featureless (Figure 16), which has 
been observed before (McKnight et al., 2001). Tryptone fluorescence, when exposed to UV and 
when mixed with H3AsO4, but kept in the dark, had virtually the same spectra (Figure 17). But, 
in contrast, when tryptone was mixed with H3AsO4, intensity of the 350 nm emission peak 
decreased with increasing UV exposure time.  
Microbial Diversity 
16S rRNA and aroA gene sequence diversity 
 The microbial diversity of microbial mats and sediments at ETGF was characterized from 
16S rRNA gene sequences. A total of 556 clones were retrieved from the Lower Basin and 
Tower Geyser samples (Tables 1 and 6). Chloroflexi dominated the sequences from all samples 
(28.7%), followed by the Proteobacteria division (26.7%) and Deinococcus-Thermus (21.4%). 
Within the Proteobacteria, α-Proteobacteria was the dominant class (13.2%), followed by γ-
Proteobacteria (7.7%), β-Proteobacteria (4.1%), δ-Proteobacteria (1.3%), and ε-Proteobacteria 
(0.5%). Other major phyla included Bacteroidetes/Chlorobi (8.2%), Firmicutes (3.2%), 
Cyanobacteria (2.3%), OP Candidate Division groups (4.6%), Aquificales (2.1%), 
Planctomycetes (1.3%), Acidobacteria (0.9%), Verrucomicrobia (0.4%), and Deferribacter 
(0.2%). From DOTUR, which compared sequence groups from all of the clone libraries, there 
were 178 OTUs defined at 97% sequence identity; 19 OTUs were found in two clone libraries 
and six OTUs were represented by three clone libraries. Most clone libraries for the six OTUs at 





Figure 15. Fluorescence spectra of H3AsO4 exposed to UV radiation over a 60 minute time 










Figure 16. UV spectrofluorimeter scans of PLFA over a 60 minute time period. A. PLFA 
exposed to UV alone; B. PLFA exposed to arsenic under UV lamp; and C. PLFA exposed to 













Figure 17. UV spectrofluorimeter scans of tryptone over a 60 minute time period. A. Tryptone 
exposed to UV alone; B. Tryptone exposed to arsenic under UV lamp; and C. Tryptone exposed 














related to previously retrieved Chloroflexi, OP candidate divisions, and Thermus spp. sequences. 
The 19 OTUs, each from two clone libraries, were also from upstream and mid-stream samples, 
and sequences were related to Chloroflexi and Proteobacteria. Only full-length sequences were 
used for DOTUR analyses, but Table 6 reflects groups from all full-length and partial sequences.  
 A total of 84 clones were retrieved for the aroA genes, and 41 were most closely related 
to Chloroflexus spp. (100%), with the remaining sequences belonging to the Proteobacteria 
division, both within the undifferentiated β- and γ- group and the α-Proteobacteria. The 
proteobacterial sequences were related to known isolates and environmental clones (Macur et al., 
2004; Hamamura et al., 2009). No Aquificales, Deinococci, or Chlorobi genes were retrieved.  
     Taxonomic Descriptions 
Chloroflexi 
Most of the 16S rRNA gene sequences from the clone libraries from the geyser stream 
channels in the Lower Basin and the Tower Geyser were affiliated with the Chloroflexi phylum 
(Table 6). This phylum is primarily comprised of filamentous, anoxygenic phototrophs (formerly 
known as the green non-sulfur bacteria), although some groups can also be anaerobic 
photoheterotrophs capable of chemoheterotrophic growth (Pierson and Castenholz, 1974). Most 
of the 16S rRNA genes, and the largest group of aroA-like gene sequences, were related to an 
uncultured bacterium clone G04b_L1_A02 [EU635935] from 77oC hot spring sediment from 
Great Boiling Springs, Nevada (USA), and Chloroflexus aurantiacus [CP000909] (95-100% 
sequence identity). Some sequences were also affiliated (97% sequence identity) with 
Thermomicrobium spp. [AF361218], which have been isolated from geothermal borehole waters 




Table 6. Distribution of the number of near full-length and partial (>700 bp) 16S rRNA gene sequence clones from microbial mat or 
sediment sample libraries, Lower Basin (Table 1) and Tower Geyser (Table 2) transects, El Tatio Geyser Field, Chile. 
 
Phylum Lower Basin             Tower Geyser Middle Basin 





















Chloroflexi 7 56 7 12 15 53 0 3 
 Alphaproteobacteria 6 0 1 0 1 1 46 23 
 Betaproteobacteria 12 4 2 0 1 1 1 0 
 Gammaproteobacteria 12 0 0 0 0 0 4 25 
 Deltaproteobacteria 0 0 0 0 0 0 7 0 
 Epsilonproteobacteria 0 0 0 0 0 0 0 3 
Deinococci-Thermus 14 0 30 63 0 2 0 11 
Bacteroidetes/Chlorobi 0 2 1 0 5 2 28 8 
Firmicutes 0 8 0 1 3 1 0 5 
Cyanobacteria 0 3 0 0 0 1 2 8 
Candidate Divisions 1 1 15 2 5 2 1 1 
Aquificales 9 0 1 1 0 0 0 0 
Planctomycetes 0 0 0 0 1 1 5 1 
Acidobacteria 0 0 0 0 3 1 1 0 
Verrucomicrobia 0 0 0 0 0 0 2 0 
Deferribacteres 0 1 0 0 0 0 0 0 
Total # sequences 61 75 57 79 34 65 97 88 
Partial (<1000 bp) Sequences 7 16 57 33 16 24 12 22 






 α-Proteobacteria comprised 14.5% of the 16S rRNA sequences (Table 6). The sequences 
were mostly related (92-99% sequence identity) to the iodide-oxidizing bacterium [AB159208], 
Porphyrobacter donghaensis [AY559429] from natural gas brine in Japan (Amachi et al. 2005), 
to Roseovarius spp., a halotolerant anoxygenic phototroph [AM691100] from springs in Canada 
(Csotonyi et al., 2008), and to other members within the family Rhodobacteraceae [FJ516790]. 
Two groups of aroA-like sequences were retrieved from the Tat-08-008 sample, one affiliated 
with Roseovarius sp. 217 [ZP 01034989] (2 clones) and the other affiliated with Xanthobacter 
spp. [YP 001418830].  
γ-Proteobacteria 
 Approximately 7.7% of the sequences were related to the γ-Proteobacteria. Some γ-
proteobacterial sequences were related (96-100% sequence identity) to Halomonas sp. SYO J71 
[AB166923], a gram-negative, anaerobic, rod-shaped cell with salt-dependent metabolism 
(Vreeland et al., 1980), and Marinobacter spp. (97% sequence identity), a psychrophilic 
bacterium isolated from Tibetan glacial ice cores (Zhang et al., 2003) [FJ461443]. The second 
largest group of aroA-like gene sequences (20 clones) from the Tat-08-008 clone library was 
affiliated with Marinobacter santoriniensis strain NKSG1 [EU600776], although no γ-
Proteobacteria were retrieved from the 16S rRNA gene clone library from that sample (Table 6). 
β-Proteobacteria 
 Approximately 4.1% of the sequences were related to β-Proteobacteria, although most of 
the β-proteobacterial clones were retrieved from the hottest Lower Basin sample in the transect 
(Table 6). Most of the sequences were related (99% sequence identity) to a β-Proteobacteria 
strain CDB21 [AB194096], which is a gram-negative, rod-shaped bacterium capable of herbicide 





 Approximately 1.3% of the sequences from the Tat-08-009 dry mat sample were related 
to the δ-Proteobacteria, which are considered to be gram-negative, metal- and sulfate-reducers 
that can be aerobic or anaerobic heterotrophs (Rodionov et al., 2004). The sequences were 
related (91-92% sequence identity) to the uncultured δ-proteobacterial clones retrieved from reef 
and sandy sediments [DQ070825 and FJ358881] (Gao et al., unpublished data).  
ε-Proteobacteria 
 Approximately 0.5% of the sequences from only the Tat-08-015 sample were affiliated 
with the ε-Proteobacteria, and particularly to Sulfurimonas denitrificans [CP000153] commonly 
from hydrothermal vents (Madigan et al., 2006). This organism oxidizes reduced sulfur 
compounds autotrophically or mixotrophically, but can also use H2 and formate as electron 
donors (Sievert et al., 2008). 
Deinococcus-Thermus 
 Approximately 21.4% of all of the sequences from various samples were related to the 
Deinococcus-Thermus Group (Table 6). The sequences were most closely related (87-95% 
sequence identity) to Thermus antranikianus [Y18414], Thermus filiformis [NR_025901], 
Thermus Tok3 [TTHDNAFRC], and Thermus W28 A.1 [TTHDNAFRB]. Thermus spp. are 
thermophilic, and have been typically isolated from neutral-pH geothermal systems around the 
world (Saul et al., 1993).  
Bacteroidetes/Chlorobi  
 Bacteroidetes are rod-shaped, gram-negative bacteria found in environments, such as the 
gut, oral cavity, soil, and aquatic environments and are typically anaerobic (Vingadassalom et al, 
2005). Approximately 8.2% of the sequences were related to Bacteroidetes/Chlorobi and mostly 




Rhodothermus marinus strain it-14 [EU214602], which has been isolated from hot springs in 
China (Chen and Yang, unpublished data).  
Firmicutes 
 Firmicutes are gram-positive, rod-shaped cells found mainly in soils and other 
environments, such as the gut and marine biofilms (Zhang and Fang, 2001). About 3.2% of the 
sequences were related to Firmicutes, with most of the sequences being affiliated with the 
uncultured clone SM2D03 [AF445720] retrieved from Yellowstone National Park (95-96% 
sequence identity).  
Cyanobacteria 
 Approximately 2.3% of the sequences were related to the cyanobacteria Fischerella 
thermalis [AB075987], a moderately thermophilic bacterium found from ~58˚C hot spring 
waters (Finsinger et al., 2008). Cyanobacteria are deeply-branching, oxygenic phototrophs that 
are found mainly in aquatic settings, but can also be isolated from deserts and polar regions 
(Finsinger et al., 2008).  
Aquificales 
 Aquificales are gram-negative rods that are strictly thermophilic, hydrogen and sulfur 
oxidizers (Griffiths and Gupta, 2006). About 2.1% of the sequences were weakly related (87% 
sequence identity) to the uncultured Aquificales bacterium clone YNP_BP_B68 [DQ243737], an 
aerobic hydrogen-oxidizer retrieved from Obsidian Pool, Yellowstone National Park (Meyer-
Dombard et al., 2005). 
Planctomycetes 
 Approximately 1.3% of the sequences were related to Planctomycetes phylum. Most of 
those sequences were related (89-90% sequence identity) to an uncultured Planctomycetales 




data) and Isosphaera pallida (strain DSM 9630T) [AJ231195], a spherical cell that forms gliding 
filaments (Griepenburg et al., 1999). Planctomycetes can be isolated from a variety of 
environments, such as lakes, rivers, marine sediments, but also soil and hypersaline habitats 
(Fuerst et al., 1997). 
Acidobacteria 
 Acidobacteria are gram-negative microbes that are abundant in soil and alkaline 
environments (Sabree et al., 2006). Approximately 0.9% of the sequences were related to the 
uncultured Acidobacterium clone TDNP_USbc97_70_2_161 [FJ516981] that was retrieved from 
Tablas de Daimiel National Park, Central Spain (D’Auria et al., unpublished data).  
Verrucomicrobia 
 Approximately 0.4% of the sequences were related to Verrucomicrobia phylum. 
Verrucomicrobia are prosthecate heterotrophs (Hedlund et al., 1997) that are aerobic to  
facultative aerobic and are found in marine environments (Madigan et al., 2006). One sequence 
was related to uncultured Verrucomicrobia bacterium clone [FJ542833] and the other was related 
to Spartobacteria bacterium Gsoil 144 [AB245342], isolated from soil (Im and Lee, unpublished 
data). 
Deferribacteres 
 Deferribacteres represented ~0.9% of the sequences. Deferribacteres are gram-negative, 
spiral-shaped cells known to be iron- and sulfur-reducers found mainly in methane-rich 
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The main goal of the research was to understand the environmental influences acting on 
arsenic speciation and mobility in the microbial mats and sediments at ETGF. This included 
focusing on the microbial communities that could affect arsenic cycling, based on the previous 
work by Landrum et al. (2009) that demonstrated that progressive oxidation of As(III) varied 
diurnally in the geyser discharge channels. Specifically, the concentration of As(III) in the 
channel was higher during the day than at night, and the concentration of As(V) was higher at 
night than during the day only after >30 m of flow (Figure 2). Removal of As(III) from solution 
through sorption, photooxidation of As(III) to As(V), and/or microbial metabolism were listed as 
possible explanations for the diurnal arsenic concentration differences. Each of these 
mechanisms is discussed in light of the results from this study.  
Arsenic in the microbial mats and sediments, regardless of geochemical species, was in 
the As(V) valence state (Table 4). ATR-FTIR and XANES confirmed that arsenic was not bound 
to sulfur, which is similar to the interpretation of Landrum et al. (2009). The current study, 
however, also identified both inorganic As(V) and organoarsenical compounds in almost all of 
the microbial mats. Arsenic did not occur as an oxide mineral, like scorodite, despite the 
estimates provided from linear combination fitting of XANES spectra collected at the As K-
edge. Because iron affects arsenic speciation and mobility, and iron was present in the mat 
samples as iron oxide or (oxy)hydroxide forms (Table 5), Fe and As EXAFS spectra indicated 
that As(V) could not be bound as scorodite, or even as edge- or corner-sharing between nearest 
neighbor atoms. Instead, arsenic likely formed an inner-sphere complex due to both arsenic and 
iron sharing oxygen in the first and second shells around the nucleus, and Fe being weakly bound 
to arsenic in the third shell (and vice versa). Inner-sphere complexation between arsenic and iron 




because (1) iron is more tightly bound within a silicate mineral (e.g., biotite, olivine) (Yan et al., 
2000), or (2) silica coats the iron oxides and limits the number of reactive sites on which arsenic 
could sorb, or (3) the metals also form inner-sphere complexes with organic matter. Of these 
three possibilities, the first is likely irrelevant because the Fe XANES and EXAFS were not 
consistent with iron speciated or bound within a silicate matrix and Landrum et al. (2009) did not 
identify iron-bearing silicate phases from their solid-phase geochemical analyses. The 
confounding issues of silica coating the Fe oxides, which is a possibility, and the abundance and 
relevance of DOM in the system, make understanding arsenic mobility more complicated. The 
dissolved organic content in the mats is low overall (i.e. the mats are primarily mineral, not 
biological; Landrum et al., 2009). Although humic substances readily form inner-sphere 
complexes with metals and metal oxides by metal-bridging (Anawar et al., 2002; Redman et al. 
2002), which would decrease the ability of arsenate to form surface complexes with iron 
(oxy)hydroxides, the most prevalent form of DOM in the geothermal waters is as microbial 
proteins (Birdwell and Engel, 2009). There was the variation in the organoarsenical compound 
identified from the mats from XANES spectra at the As K-edge, which was likely due to 
difference in the types and metabolisms of microbes in the mats along the discharge stream. A 
methylated organoarsenical could be produced by microbes as a detoxification mechanism 
(Bentley and Chasteen, 2002), and the presence of a more complex organoarsenical compound 
could indicate novel metabolic pathways. But, because there has been limited research on the 
presence, origin, or possible role of organoarsenicals in geothermal systems (Koch et al., 1999), 
and microbial proteins have not been well investigated regarding complexation with arsenic, the 
significance of these findings remains speculative. Therefore, it is possible that the weak 
indications of inner-sphere complexation between Fe and As are because arsenic exists as 




oxides and/or (oxy)hydroxides, due to the presence of silica, and the methylated and other 
organoarsenical form(s) are not sorbed but occur as separate and distinct geochemical species in 
the mats.  
Unfortunately, the results do not reveal a possible sequence of speciation, sorption, or 
redox events. For instance, Redman et al. (2002) suggest that As(V) is generally anionic at 
circumneutral pH values, and that As(III), which is uncharged, will sorb to mineral surfaces by 
replacing hydroxyl groups and then form an inner-sphere complex. At ETGF, it is possible that 
upstream As(III) sorption onto iron oxyhydroxides, and subsequent oxidation to As(V) by photo-
oxidation, DOM-related electron shuttling, or microbial oxidation, may be occurring. Similarly, 
it is possible that arsenic speciation may be affected by diurnal Fe cycling, or even iron-based 
microbial metabolism. More work is needed to understand the diurnal behavior of Fe, not just at 
ETGF. But, one could assume that if microbes in the mats reduce the iron (oxy)hydroxides 
(Oremland and Stolz, 2005), then the mats could serve as a reservoir for arsenic, which, upon 
release, could increase concentrations downstream. If As(V) was sorbed to the iron 
(oxy)hydroxides, as indicated by results from this study, then As(V) release could explain higher 
dissolved As(V) levels downstream. This does not explain diurnal differences in As(III) and 
As(V) concentrations downstream, however.  
According to Buschmann et al. (2005), As(III), especially in the presence of iron and 
humified DOM, is susceptible to photo-oxidation. Few studies have investigated organic matter 
interactions with arsenic in geothermal systems and microbial mats (Koch et al., 1999). The 
possibility of UV-induced As(III) photo-oxidation by DOM, consistent with forms identified 
from ETGF (Birdwell and Engel, 2009), was examined in this study. Humic substances, which 
comprise 90% of the dissolved organic carbon content of most natural systems (Corin et al., 




fraction of humic substances with lower molecular weights and less oxygen-containing 
functional groups (Corin et al., 1996). According to Uyguner and Bekbolet (2005), humic acids 
have wide and featureless UV absorbance spectra and absorption values tend to decrease after 
increased irradiation time. Conversely, tryptone, a substance that has chemical similarity to 
microbial proteins (Olmos-Dichara et al., 1997), degrades after UV exposure (Greenberg et al., 
1989). Organic matter irradiated by UV produces strong, reactive photo-reactants or reactive 
intermediates, such as hydrogen peroxide (H2O2), singlet oxygen, peroxy radicals, and 
superoxide anions, and organic matter electrons can also be excited to the triplet state, and even 
H2O2 forms hydroxyl radicals from UV exposure (Corin et al., 1996). These radicals would 
photo-oxidize As(III) to As(V), and if photo-oxidation were the dominant mechanism affecting 
overall trends and rates of arsenic speciation at ETGF, then concentrations of As(V) in the 
upstream water should be higher during the day than at night (Figure 2). However, this has not 
been observed and even the 60-minute UV-exposure experiments using tryptone mixed with 
H3AsO4 do not unequivocally support the field observations (i.e. concentrations of different As 
species were not measured). 
Therefore, because of the speciation and bonding configuration of arsenic in the mats 
versus the dissolved arsenic in the discharge channels, as well as the results from the possible 
arsenic photo-oxidation experiments, it is likely that the presence of microbes and microbial 
metabolisms profoundly impact arsenic cycling at ETGF. This conclusion is not surprising, as 
microbes have been found to be important at other locations (Oremland and Stolz, 2005), but 
although the microbiology associated with river sediments (Fisher et al., 2008), acid mine 
drainage (Casiot et al., 2003), acid-sulfate-chloride lakes and environments (Inskeep et al., 2004; 
D’Imperio et al., 2007), and arsenic-bearing geothermal fluids has been previously studied 




neutral pH, non sulfidic systems are not well represented. Unique to this study, the possible 
microbial influences controlling arsenic speciation and mobility at ETGF include that linking the 
occurrence of a methylated form of arsenic and other organoarsenical compounds to microbial 
community composition and metabolism and the presence of DOM attributed predominately to 
microbial proteins.  
Based on the relative abundances of microbial groups from the 16S rRNA gene sequence 
data, there was a shift in the abundance of major microbial groups that corresponded to where 
the concentration of As(V) exceeded As(III) in the discharge waters. Specifically, Thermus spp. 
were more abundant at the Tower Geyser and Lower Basin upstream compared to Chloroflexi-
like groups being more abundant downstream (Table 6). Although no aroA-like gene sequences 
affiliated with Thermus spp. were retrieved from ETGF, Thermus spp. are fairly well 
characterized hyperthermophiles that have been linked to rapid arsenite oxidation (Chung et al., 
2000 and Gihring et al., 2001). In contrast, the prevalence of Chloroflexi-like groups in arsenic-
rich geothermal waters is less understood because Chloroflexi are traditionally considered to be 
anoxygenic phototrophs, and have not been previously linked to heterotrophic As(III) oxidation. 
Phylogenetic examination of aroA-like gene sequences identified potential homologues in the 
Chloroflexi, with the only known Chloroflexi-like homologues being from the whole genomes of 
C. aurantiacus [CP000909] and Chloroflexi sp. Y-400-fl [CP001364]. It is possible that the 
Chloroflexi use As(III) as the photosynthetic electron donor, as was found recently from an 
Ectothiorhodospira strain (within the Gammaproteobacteria) isolated from Mono Lake, 
California (Kulp et al., 2008). At present, genes for arsenite oxidase (e.g., aroA, asoA, aoxB) 
have not been obtained from this strain despite the evidence for arsenite oxidation, suggesting 
that oxidation may be taking place from an unknown mechanism or from dissimilatory arsenate 




As(III) during the day for anoxygenic photosynthesis, then ETGF may provide insight into a 
novel type of arsenic oxidation for the group. This activity, although interesting, does not clarify 
the diurnal variability in aqueous As speciation, however. In the future, ETGF microbial mats 
should be used to culture possibly novel microbes capable of arsenic oxidation to confirm the 
metabolic potential of Chloroflexi. Future efforts, in conjunction with the findings from this 
research, will allow us to understand arsenic cycling in geothermal settings and may contribute 
to our ability to remediate arsenic contamination and work with geothermal fluids during 






Abascal, F., Zardoya, R., Posada, D., 2005. ProtTest: Selection of best-fit models of protein evolution. 
Bioinformatics, 21:2104-2105.  
 
Amachi, S., Muramatsu, Y., Akiyama, Y., Miyazaki, K., Yoshiki, S., Hanada, S., Kamagata, Y., Ban-nai, 
T., Shinoyama, H., Fujii, T., 2005. Isolation of iodide-oxidizing bacteria from iodide-rich natural gas 
brines and seawaters. Microbial Ecology., 49, 4: 547-57.  
Anawar, H.M., Komaki, K., Akai, J., Takada, J., Ishizuka, T., Takahashi, T., Yoshioka, T., Kato, K., 
2002. Diagenetic control on arsenic partitioning in sediments of the Meghna River delta, Bangladesh. 
Environmental Geology, 41: 816–825. 
 
Aravena, R., Suzuki, O., Pena, H., Pollastri, A., Fuenzalida, H., Grilli, A., 1999. Isotopic composition and 
origin of precipitation in Northern Chile. Applied Geochemistry, 14: 411-422. 
Ausbel F. M., Brent R., Kingston R. E., Moore D. D., Seidman J. G., Smith J. A., Struhl K., 1990. 
Current Protocols in Molecular Biology, John Wiley & Sons, Inc., New York, 4.10.1-4.10.9. 
Banfield, J. F., Welch, S.A., Zhang, H., Ebert, T.T., Penn, R.L., 2000. Aggregation-based crystal growth 
and microstructure development in natural iron oxyhydroxide biomineralization products. Science, 289: 
751 – 754. 
 
Bauer, M., Blodau, C., 2006. Mobilization of arsenic by dissolved organic matter from iron oxides, soils 
and sediments. Science of the Total Environment, 354: 179– 190.  
 
Bekbolet, M., Suphandag, A.S., Uyguner, C.S., 2002. An investigation of the photocatalytic efficiencies 
of TiO2 powders on the decolourisation of humic acids. Journal of Photochemistry and Photobiology A: 
Chemistry, 148: 121-128. 
 
Bentley, R., Chasteen, T.G., 2002. Microbial methylation of metalloids: arsenic, antimony, and bismuth. 
Microbiology and Molecular Biology Reviews, 66: 250–271. 
 
Bhattacharya, P., Jacks, G., Ahmed, K.M., Routh, J., Khan, A.A., 2002. Arsenic in groundwater of the 
Bengal delta plain aquifers in Bangladesh. Bulletin of Environmental Contamination and Toxicology, 69: 
538–545.\ 
 
Birdwell, J.E., Engel, A.S., 2009. Characterization of dissolved organic matter in cave and spring waters 
using UV-Vis absorbance and fluorescence spectroscopies. Organic Geochemistry. Online Early, 
doi:10.1016/j.orggeochem.2009.11.002. 
 
Buschmann, J., Canonica, S., Lindauer, U., Hug, S.J., Sigg, L., 2005. Photoirradiation of dissolved humic 
acid induces arsenic (III) oxidation. Environmental Science and Technology, 39: 9541-9546. 
 
Casiot, C., Morin, G., Juillot, F., Bruneel, O., Personne, J.-C., Leblanc, M., Duquesne, K., Bonnefoy, V., 
Elbaz-Poulichet, F., 2003. Bacterial immobilization and oxidation of arsenic in acid mine drainage 
(Carnoules creek, France). Water Research, 37: 2929–2936. 
 
Chung, A.P., Rainey, F.A., Valente, M., Nobre, M.F., da Costa, M.S., 2000. Thermus igniterrae sp. nov. 
and Thermus antranikianii sp. nov., two new species from Iceland. International Journal of Systematic 





Corin, N., Backlund, P., Kulovaara, M., 1996. Degradation products formed during UV-IR radiation of 
humic waters. Chemosphere, 33: 245-255. 
 
Cortecci, G., Boschetti, T., Mussi, M., Lameli, C.H., Mucchino, C., Barbieri, M., 2005. New chemical 
and original isotopic data on waters from El Tatio geothermal field, northern Chile. Geochemical Journal, 
39: 547-571. 
Csotonyi, J.T., Swiderski, J., Stackebrandt, E., Yurkov, V.V., 2008. Novel halophilic aerobic anoxygenic 
phototrophs from a Canadian hypersaline spring system. Extremophiles,12: 529-39.  
Cullen, W.R., Reimer, K.J., 1989. Arsenic speciation in the environment. Chemical Reviews, 89: 
713-764. 
 
Cusicanqui, H., Mahon, W. A. J., Ellis, A. J., 1975. The geochemistry of the El Tatio geothermal field, 
Northern Chile. Second United Nations Symposium on the Development and Utilization of Geothermal 
Resources, 703–711. 
 
D’Imperio, S., Lehr, C.R., Breary, M., McDermott, T.R., 2007. Autecology of an Arsenite 
Chemolithotroph: Sulfide constraints on function and distribution in a geothermal spring. Applied and 
Environmental Microbiology, 73: 7067–7074. 
 
Denbow, J., 2008. Thermophilic chemoautotrophic arsenite-oxidizing bacterium enriched from the El 
Tatio Geyser Field, Northern Chile. The University of Texas at Austin Undergraduate Research Journal, 
7: 65-78. 
 
DeSantis, T.Z., Hugenholtz, P., Keller, K., Brodie, E.L., Larsen, N., Piceno, M., Phan, R., Anderson, 
G.L., 2006. NAST: a multiple sequences alignment server for comparative analysis of 16S rRNA genes. 
Nucleic Acids Research, 34: 394-399. 
 
Ehrlich, H.L., 2002. Environmental chemistry of arsenic, W. T. Frankenberger Jr., Ed. Dekker, New 
York, 313–332. 
 
Emett, M.T., Khoe, G.H., 2001. Photochemical oxidation of arsenic by oxygen and iron in acidic 
solutions. Water Research, 35:  649-656. 
 
Engel, A.S., Birdwell, J.E., Johnson, L., Brannen, K.M., Franks, M., Omelon, C.R., Landrum, J.T., 
Alsina, M.A., Pasten, P.A., Bennett, P.C., 2008, Biofilm development, microbial diversity, and dissolved 
organic matter from El Tatio, Chile: implications for metalloid biogeochemical cycling. Geological 
Society of America Abstracts with Programs, 40: 295. 
 
Fernandez-Turiel, J.L., Garcia-Valles, M., Gimeno-Torrente, D., Saavedra-Alonso, J., Martinez-Manent, 
S., 2005. The hot spring and geyser sinters of El Tatio, Northern Chile. Sedimentary Geology, 180: 125-
147. 
 
Finsinger, K., Scholz, I., Serrano, A., Morales, S., Uribe-Lorio, L., Mora, M., Sittenfeld, A., Weckesser, 
J., Hess, W.R., 2008. Characterization of true-branching cyanobacteria from geothermal sites and hot 
springs of Costa Rica. Environmental Microbiology, 10: 460–473. 
 
Fisher, E., Dawson, A.M., Polshyna, G., Lisak, J., Crable, B., Perera, E., Ranganathan, M., Thangavelu, 
M., Basu, P., Stolz, J.F., 2008. Transformation of inorganic and organic arsenic by Alkaliphilus  




Fisher, J.C., Wallschlager, D., Planer-Friedrich, B., Hollibaugh, J.T., 2008. A New role for sulfur in 
arsenic cycling. Environmental Science and Technology, 42: 81–85. 
 
Fuerst, J.A., Gwilliam, H.G., Lindsay, M., Lichanska, A., Belcher, C., Vickers, J.E., Hugenholtz., P., 
1997. Isolation and molecular identification of Planctomycete bacteria from postlarvae of the giant tiger 
prawn, Penaeus monodon. Applied and Environmental Microbiology, 63: 254–262. 
 
Gadd, G.M., 2004. Microbial influence on metal mobility and application for bioremediation. Geoderma, 
122: 109– 119. 
 
Giggenbach, W.F., 1978. The isotopic composition of waters from the El Tatio geothermal field, Northern 
Chile. Geochimica et Cosmochimica Acta, 42: 979-988. 
 
Gihring, T.M., Drushcel, G.K., McClesky, R.B., Hamers, R.J., Banfield, J.F., 2001. Rapid arsenite 
oxidation by Thermus aquaticus and Thermus thermophilus: Field and laboratory investigations. 
Environmental Science and Technology, 35: 3857-3862. 
 
Gihring, T.M., Bond, P.L., Peters, S.C., Banfield, J.F., 2003. Arsenic resistance in the archaeon 
"Ferroplasma acidarmanus" : new insights into the structure and evolution of the ars genes. 
Extremophiles, 7: 123–130. 
 
Gillan, D.C., De Ridder, C., 2001. Accumulation of a ferric mineral in the biofilm of Montacuta 
ferruginosa (Mollusca, Bivalvia). Biomineralization, bioaccumulation, and inference of 
paleoenvironments. Chemical Geology, 177: 371–379. 
 
Glennon, J.A., Pfaff, R.M., 2003. The extraordinary thermal activity of El Tatio Geyser Field, 
Antofagasta Region, Chile. Geyser Observation and Study Association (GOSA) Transactions, 8: 31-78. 
 
Grafe, M., Eick, M. J., Grossl, P. R., 2001. Adsorption of arsenate (V) and arsenite (III) on goethite in the 
presence and absence of dissolved organic carbon. Soil Science Society of America Journal, 65: 1680–
1687. 
 
Greenberg, B.M., Gaba, V., Canaani, O., Malkin, S., Mattoo., A.K., Edelman, M., 1989. Separate 
photosensitizers mediate degradation of the 32-kDa photosystem II reaction center protein in the visible 
and UV spectral regions. Proceedings of the National Academy of Sciences, 86: 6617-6620. 
 
Griepenburg, U., Ward-Rainey, N., Mohamed, S., Schlesner, H., Marxsen, H., Rainey, F., Stackebrandt, 
E., Auling, G., 1999. Phylogenetic diversity, polyamine pattern and DNA base composition of members 
of the order Planctomycetales. International Journal of Systematic Bacteriology, 49: 689–696. 
 
Griffiths, E., Gupta, R.S., 2006. Molecular signatures in protein sequences that are characteristics of the 
phylum Aquificae. International Journal of Systematic and Evolutionary Microbiology, 56: 99–107. 
 
Guindon, S., Gascuel, O., 2003. A simple, fast and accurate algorithm to estimate large phylogenies by 
maximum likelihood. Systematic Biology, 52: 696-704. 
 
Gupta, R.S., 2004. The phylogeny and signature sequences characteristics of Fibrobacteres, Chlorobi, 
and Bacteroidetes. Critical Reviews in Microbiology, 30: 123–143. 
 
Hall, T.A., 1999.  BioEdit: a user-friendly biological sequence alignment editor and analysis program for 




Hamamura, N., Macur, R.E., Korf, S., Ackerman, G., Taylor, W.P., Kozubal, M., Reysenbach, A.-L., 
Inskeep, W.P., 2009. Linking microbial oxidation of arsenic with detection and phylogenetic analysis of 
arsenite oxidase genes in diverse geothermal environments. Environmental Microbiology, 11: 421-431. 
 
Hedlund, B.P., Gosink, J.J., Staley, J.T., 1997. Verrucomicrobia div. nov., a new division of the Bacteria 
containing three new species of Prosthecobacter. Antonie van Leeuwenhoek, 72: 29–38. 
 
Houston, J., 2007. Recharge to groundwater in the Turi Basin, northern Chile: An evaluation based on 
tritium and chloride mass balance techniques. Journal of Hydrology, 334: 534-544. 
 
Inskeep, W.P., Macur, R.E., Harrison, G., Bostick, B.C., Fendorf, S., 2004. Biomineralization of As(V)-
hydrous ferric oxyhydroxide in microbial mats of an acid-sulfate-chloride geothermal spring, Yellowstone 
National Park. Geochimica et Cosmochimica Acta, 68: 3141–3155. 
 
Inskeep, W.P., Macur, R.E., Hamamura, N., Warelow, T.P., Ward, S.A., Santini, J.M., 2007. Detection, 
diversity and expression of aerobic bacterial arsenite oxidase genes. Environmental Microbiology, 9: 
934–943. 
 
Iwasaki, A., Takagi, K., Yoshioka, Y., Fujii, K., Kojima, Y., Harada, N., 2007. Isolation and 
characterization of a novel simazine-degrading β-proteobacterium and detection of genes encoding s-
triazine-degrading enzymes. Pest Management Science, 63: 261–268. 
 
Jahan, K., Mosto, P., Mattson, C., Frey, E., Derchak, L., 2006. Microbial removal of arsenic. Water, Air, 
and Soil Pollution: Focus, 6: 71–82. 
 
Janssen, P.H., Liesack, W., Schink, B., 2002. Geovibrio thiophilus sp. nov., a novel sulfur reducing 
bacterium belonging to the phylum Deferribacteres. International Journal of Systematic and Evolutionary 
Microbiology, 52: 1341–1347. 
 
Jain, C. K., I. Ali, 2000. Arsenic: occurrence, toxicity and speciation techniques. Water Research, 34, 17: 
4304-4312. 
 
Jiang, J.Q., 2001. Removing arsenic from groundwater for the developing world – a review. Water 
Science and Technology, 44: 89-98. 
 
Johnson, L.R., Engel, A.S., Roy, A., Merchan, G., 2009. The Geochemistry and bioavailability of arsenic 
in El Tatio Geyser Field, Chile. Geological Society of America: Abstracts with Programs, 41: 219. 
 
Jones, B., Renaut, R.W., 1997. Formation of silica oncoids around geysers and hot springs at El Tatio, 
northern Chile. Sedimentology, 44: 287-304. 
 
Kaiser, K, Guggenberger G, Zech, W., 1997. Dissolved organic matter sorption on subsoils and minerals 
studied by 13C-NMR and DRIFT spectroscopy. European Journal of Soil Sciences, 48: 301-310. 
 
Kalbitz, K., Wennrich, R., 1998. Mobilization of heavy metals and arsenic in polluted wetland soils and 
its dependence on dissolved organic matter. The Science of the Total Environment, 209: 27-39. 
 
Kelly, S.D., Hesterberg, D., Ravel, B., 2008. Analysis of soils and minerals using X-ray absorption 




Koch, I., Feldmann, J., Wang, L., Andrewes, P., Reimer, K.J., Cullen, W.R., 1999. Arsenic in the Meager 
Creek hot springs environment, British Columbia, Canada. The Science of the Total Environment, 236: 
101-17. 
Kulp, T.R., Hoeft, S. E., Asao, M., Madigan, M. T., Hollibaugh, J. T., Fisher, J. C., Stolz, J.F., 
Culbertson, C.W., Miller, L.G., Oremland, R.S., 2008. Arsenic(III) fuels anoxygenic photosynthesis in 
hot spring biofilms from Mono Lake, California. Science, 321: 967 - 970. 
Lahsen, A., Trujillo, P., 1976. El Tatio Geothermal Field. 2nd United Nations Symposium on Geothermal 
Fields, Berkeley, CA, 157-178. 
 
Landrum, J.T., Bennett, P.C., Engel, A.S., Alsina, M.A., Pasten, P.A., Milliken, K., 2009. Partitioning 
geochemistry of arsenic and antimony, El Tatio Geyser Field, Chile. Applied Geochemistry, 24: 664-676. 
 
Langner, H.W., Jackson, C.R., McDermott, T.R., Inskeep, W.P., 2001. Rapid oxidation of arsenite in a 
hot spring ecosystem, Yellowstone National Park. Environmental Science and Technology, 35: 3302-
3309. 
 
Lloyd, J.R., Oremland, R.S., 2006. Microbial transformations of arsenic in the environment: From soda 
lakes to aquifers. Elements, 2: 85-90. 
 
Lutz, H.D., Schneider, G., Kliche, G., 1983. Chalcides and Pnictides of group VIII transition metals: far-
Infrared spectroscopic studies on compounds MX2, MXY, and MY2 with pyrite, marcasite, and 
arsenopyrite structure. Physics and Chemistry of Minerals, 9: 109-114. 
 
Macur, R.E., Jackson, C. R., Botero, L.M., McDermott, T.R., Inskeep, W.P., 2004. Bacterial populations 
associated with the oxidation and reduction of arsenic in an unsaturated soil. Environmental Science and 
Technology, 38: 104-111. 
 
Madigan, M.T., Martinko, J.M., Parker, J., 2006. Brock Biology of Microorganisms. 
 
Manning, B. A., Fendorf, S. E., Goldberg, S., 1998. Surface structures and stability of arsenic(III) on 
geothite: Spectroscopic evidence for inner-sphere complexes. Environmental Science and Technology, 
32: 2383–2388. 
 
Marteinsson, V.T., Hauksdottir, S., Hobel, C.F.V., Kristmannsdottir, H., Hreggvidsson, G.O., 
Kristjansson, J.K., 2001. Phylogenetic diversity analysis of subterranean hot springs in Iceland. Applied 
and Environmental Microbiology, 67: 4242-4248. 
 
Matteson, A., Herron, M.M., 1993. Quantitative mineral analysis by Fourier Transform Infrared 
Spectroscopy. SCA Conference Paper Number 9308: 1-15. 
 
McArthur, J.M., Ravenscroft, P., Safiullah, S., Thirlwall, M.F., 2001. Arsenic in groundwater: testing 
pollution mechanisms for sedimentary aquifers in Bangladesh. Water Resources Research, 37: 109-117. 
 
McKnight, D.M., Boyer, E.W., Westerhoff, P.K., Doran, P.T., Kulbe, T., Anderson, D.T., 2001. 
Spectrofluorometric characterization of dissolved organic matter for indication of precursor organic 
material and aromaticity. Limnology and Oceanography, 46: 38-48. 
 
Meyer-Dombard, D.R., Shock, E.L., Amend, J.P., 2005. Archaeal and bacterial communities in 





Miller, M.P., McKnight, D.M., Chapra, S.C., 2009. Production of microbially-derived fulvic acid from 
photolysis of quinone-containing extracellular products of phytoplankton. Aquatic Sciences, 71: 170–178. 
 
Miller, F.A., Wilkins, C.H., 1952. Infrared spectra and characteristic frequencies of inorganic ions: their 
use in qualitative analysis. Analytical Chemistry: 1253-1294. 
 
Néron, B., Ménager, H., Maufrais, C., Joly, N., Maupetit, J., Letort, S., Carrere, S., Tuffery, P., Letondal, 
C., 2009. Mobyle: a new full web bioinformatics framework. Bioinformatics, 25:3005-3011. 
 
Nickson, R.T., McArthura, J.M., Ravenscroft, P., Burgessa, W.G., Ahmed, K.M., 2000. Mechanism of 
arsenic release to groundwater, Bangladesh and West Bengal. Applied Geochemistry, 15: 403-413. 
 
O’Day, P., Vlassopoulos, D., Root, R., Rivera, N., 2004. The influence of sulfur and iron on dissolved 
arsenic concentrations in the shallow subsurface under changing redox conditions. Proceedings of the 
National Academy of Sciences, 101: 13703-13708. 
 
Olmos-Dichara, A., Ampe, F., Uribelarrea, J.-L., Pareilleux, A., Goma, G., 1997. Growth and lactic acid 
production by Lactobacillus casei ssp. Rhamnosus in batch and membrane bioreactor: influence of yeast 
extract and Tryptone enrichment. Biotechnology Letters, 19: 709–714. 
 
Olson, J. M., Pierson, B. K., 1986. Photosynthesis 3.5 thousand million years ago. Photosynthesis 
Research, 9: 251. 
 
Oremland, R.S., Stolz, J.F, 2003. Ecology of arsenic. Science, 300: 939-944. 
 
Oremland, R.S., Stolz, J.F., Hollibaugh, J.T., 2004. The microbial arsenic cycle in Mono Lake, California. 
FEMS Microbiology Ecology, 48: 15–27. 
 
Oremland, R.S., Stolz, J.F., 2005. Arsenic, microbes and contaminated aquifers. TRENDS in 
Microbiology, 13: 45-49. 
 
Peralta, G.L., Graydon, J.W., Kirk, D.W., 1996. Physicochemical characteristics and leachability of scale 
and sludge from Bulalo Geothermal System, Philippines. Geothermics, 25: 17-35. 
 
Phoenix, V. R., Bennett, P. C., Engel, A. S., Tyler, S. W., Ferris, F. G., 2006. Chilean high-altitude hot-
spring sinters: a model system for UV screening mechanisms by early Precambrian cyanobacteria. 
Geobiology, 4: 15-28. 
 
Piazena, H., 1996. The effect of altitude upon the solar UV-B and UV-A irradiance in the tropical Chilean 
Andes. Solar Energy, 57: 133–140. 
 
Pierce, M.L., Moore, C.B., 1982. Adsorption of As(III) and As(V) on amorphous iron hydroxide. Water 
Research, 16: 1247–1253. 
 
Pierson, B.K., Castenholz, R.W., 1974. A phototrophic gliding filamentous bacterium of hot springs, 
Chloroflexus aurantiacus, gen. and sp. nov. Archives of Microbiology, 100: 5-24. 
 
Pierson, B.K, Mitchell, H.K., Ruff-Roberts, A-L., 1992. Chloroflexus aurantiacus and Ultraviolet 
radiation: Implications for Archean shallow-water stromatolites. Origins of Life and Evolution of the 





Radu, T., Kumar, A., Clement, T.P., Jeppu, G., Barnett, M.O., 2008. Development of a scalable model for 
predicting arsenic transport coupled with oxidation and adsorption reactions. Journal of Contaminant 
Hydrology, 95: 30-41. 
 
Ravel, B., Newville, M., 2005. ATHENA, ARTEMIS, HEPHAESTUS: Data Analysis for x-ray 
absorption spectroscopy using IFEFFIT. Journal of Synchrotron Radiation, 12: 537-541. 
 
Raven, K.P. A. Jain, R.H. Loeppert. 1998. Arsenite and arsenate adsorption on ferrihydrate: Kinetics, 
equilibrium, and adsorption envelopes. Environmental Science and Technology, 32: 344–349. 
 
Redman, A.D., Macalady, D.L., Ahmann, D., 2002. Natural organic matter affects arsenic speciation and 
sorption onto hematite. Environmental Science and Technology, 36: 2889-2896. 
 
Reyes, A.G., Trompetter, W.J., Britten, K., Searle, J. 2002. Mineral deposits in the Rotokawa geothermal 
pipelines, New Zealand. Journal of Volcanology and Geothermal Research, 119: 215-239. 
 
Rodionov, D.A., Dubchak, I., Arkin, A., Alm, E., Gelfand, M.S., 2004. Reconstruction of regulatory and 
metabolic pathways in metal-reducing δ-proteobacteria. Genome Biology, 5: 1-27. 
 
Romero, L., Alonso, H., Campano, P., Fanfani, L., Cidu, R., Dadea, C., Keegan, T., Thornton, I., Farago, 
M., 2003. Arsenic Enrichment in waters and sediments of the Rio Loa (Second Region, Chile). Applied 
Geochemistry, 18: 1399-1416. 
 
Sabree, Z.L., Bergendahl, V., Liles, M.R., Burgess, R.R., Goodman, R.M., Handelsman, J., 2006. 
Identification and characterization of the gene encoding the Acidobacterium capsulatum major sigma 
factor. Gene, 376: 144–151. 
 
Santini, J., Sly, L., Schnagl, R., Macy, J., 2000. A new chemolithoautotrophic arsenite-oxidizing 
bacterium isolated from a gold mine: Phylogenetic, physiological, and preliminary biochemical studies. 
Applied and Environmental Microbiology, 66: 92-97. 
 
Saul, D.J., Rodrigo, A.G., Reeves, R.A., Williams, L.C., Borges, K.M., Morgan, H.W., Bergquist, P.L., 
1993. Phylogeny of twenty Thermus isolates constructed from 16S rRNA gene sequence data. 
International Journal of Systematic Bacteriology, 43: 754-760. 
 
Scatena, L.F., Brown, M.G., Richmond, G.L., 2001. Water at hydrophobic surfaces: Weak hydrogen 
bonding and strong orientation effects. Science, 292: 908-912. 
 
Schloss, P.D., Handelsman, J., 2005. Introducing DOTUR, a computer program for defining operational 
taxonomic units and estimating species richness. Applied and Environmental Microbiology, 71: 1501-
1506. 
 
Sievert, S.M., Scott, K.M., Klotz, M.G., Chain, P.S., Hauser, L.J., Hemp, J., Hugler, M., Land, M., 
Lapidus, A., Larimer, F.W., Lucas, S., Malfatti, S.A., Meyer, F., Paulsen, I.T., Ren, Q., Simon, J., USF 
Genomics Class, 2008. Genome of the epsilonproteobacterial chemolithoautotroph Sulfurimonas 
denitrificans. Applied Environmental Microbiology, 74: 1145-56.  
 
Sinha, R. P., Häder, D-P., 2002. UV-induced DNA damage and repair: A Review. Photochemical and 





Smedley, P.L., Kinniburgh, D.G., 2002. A review of the source, behaviour and distribution of arsenic in 
natural waters. Applied Geochemistry, 17: 517-568. 
 
Socrates, G., 2001. Infrared and Raman Characteristic Group Frequencies. John Wiley and Sons, Ltd. 
West Sussex, England. 
 
Stolz, J.F., Basu, P., Oremland, R.S., 2002. Microbial transformation of elements: the case of arsenic and 
selenium. International Microbiology, 5: 201–207. 
 
Swedlund, P.J., Webster, J.G., 1999. Adsorption and polymerisation of silicic acid on ferrihydrite and its 
effect on arsenic adsorption. Water Research, 33: 3413-3422. 
 
Takahashi, Y., Ohtaku, N., Mitsunobu, S., Yuita, K., 2003. Determination of the As(III)/As(V) ratio in 
soil by X-ray absorption near edge structure (XANES) and its application to the arsenic distribution 
between soil and water. Analytical Sciences, 19: 891-896. 
 
Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4: Molecular Evolutionary Genetics Analysis 
(MEGA) software version 4.0. Molecular Biology and Evolution, 24: 1596-1599.  
 
Tanaka, T., 1988. Distribution of arsenic in the natural environment with emphasis on rocks and soils. 
Applied Organo-Metallic Chemistry, 2: 283-295. 
 
Terlecka, E., 2005. Arsenic speciation analysis in water samples: A review of the hyphenated techniques. 
Environmental Monitoring and Assessment, 107: 259-284 
 
Thompson, J.D., Higgins, D.G. Gibson, T.J., 1994. CLUSTAL W: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, positions-specific gap penalties 
and weight matrix choice. Nucleic Acids Research, 22:4673-4680. 
 
Tyrovola, K., Nikolaidis, N.P., Veranis, N., Kallithrakas-Kontos, N., Koulouridakis, P.E., 2006. Arsenic 
removal from geothermal waters with zero-valent iron—Effect of temperature, phosphate and nitrate. 
Water Research, 40: 2375–2386. 
 
Uyguner, C.S., Bekbolet, M., 2004. Photocatalytic degradation of natural organic matter: Kinetic 
considerations and light intensity dependence. International Journal of Photoenergy, 6: 73-80. 
 
Uyguner, C.S., Bekbolet, M., 2005. Evaluation of humic acid photocatalytic degradation by UV–vis and 
fluorescence spectroscopy. Catalysis Today, 101: 267–274. 
 
Vingadassalom, D., Kolb, A., Mayer, C., Rybkine, T., Collatz, E., Podglajen, I., 2005. An unusual 
primary sigma factor in the Bacteroidetes phylum. Molecular Microbiology, 56: 888–902. 
 
Vreeland, R.H., Litchfield, C.D., Martin, E.L., Elliot, E., 1980.  Halomonas elongata, a new genus and 
species of extremely salt-tolerant bacteria. International Journal of Systematic Bacteriology, 30: 485-495. 
 
Walker, J.J., Spear, J.R., Pace, N.R., 2005. Geobiology of a microbial endolithic community in the 
Yellowstone geothermal environment. Nature, 434: 1011-1014. 
 
Webster, J.G., Nordstrom D.K., 2003. Geothermal arsenic, in Welch, A.H., Stollenwerk, K.G., eds., 





Wilkie, J.A., Hering, J.G., 1996. Adsorption of arsenic onto hydrous ferric oxide: effects of 
adsorbate/adsorbent ratios and co-occurring solutes. Colloids and Surfaces A: Physiochemical and 
Engineering Aspects, 107: 97-110. 
 
Williams, L.E., Barnett, M.O., Kramer, T.A., Melville, J.G., 2003. Adsorption and transport of arsenic(V) 
in experimental subsurface systems. Journal of Environmental Quality, 32: 841-850. 
 
Yan, X.-P., Kerrich, R., Hendry, M.J., 2000. Distribution of arsenic (III), arsenic (V) and total inorganic 
arsenic in porewaters from a thick till and clay rich aquitard sequence, Saskatchewan, Canada. 
Geochimica et Cosmochimica Acta, 62: 2637–2648. 
 
Zhang, T., Fang, H.H., 2001. Phylogenetic diversity of a SRB-rich marine biofilm. Applied microbiology 
and biotechnology, 57: 437-440. 
 
Zhang, X., Ma, X., Tandong, Y., Zhang, G., 2003. Diversity of 16S rDNA and environmental factor 







Lindsey Renee Johnson was born in Lafayette, Louisiana in July, 1984, to Jan Davis and Rick 
Johnson. Lindsey was raised in Lafayette and graduated from Lafayette High School. She 
worked as a lab manager in Dr. Engel’s lab while pursuing her bachelor’s in geology at 
Louisiana State University-Baton Rouge. Upon graduation in December of 2006, Lindsey 
accepted a job in environmental consulting with Conestoga-Rovers and Associates where she 
worked as a staff geologist for a year. She then decided to pursue her master’s degree in geology 
under advisement of Dr. Annette Engel at Louisiana State University. 
